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ca-pa-ble [ kaypab'l ] 
adjective 

1. doing something well: good at a 
particular task or job or at a number of 

different things 

• a very capable hotel manager 

2. able to do particular thing: possessing 
the qualities needed to do a particular 
thing 

3. liable to: permitting or susceptible to 
something 

• an action capable of being misinterpreted 

4. LAW legally competent: the ability or the 
legal power to do something 

[Mid-16th century. Via French from late 
Latin capabilis , from Latin capere ''to 
take." Originally ''able to take in."] 

• ca-pa-ble*ness noun 
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capable 
capable de tout 



Main Entry: ca*pa*ble 4*) 

Pronunciation: 'kA-p&:-b&l, in rapid speech *kAp-b&l 
Function: adjective 

Etymology: Middle French or Late Latin; Middle French 
capable, from Late Latin capabilis, irregular from Latin 
capere to take ~ more at HEAVE 

1 : SUSCEPTIBLE <a remark capable of being 
misunderstood> 

2 obsolete : COMPREHENSIVE 

3 : having attributes (as physical or mental power) required 
for performance or accomplishment <is capable of intense 
concentration> 

4 : having traits conducive to or features permitting <this 
woman is capable of murder by violence - Robert Graves> 
<an outer coat of light color capable of reflecting solar heat 

- Current Biography> 

5 : having legal right to own, enjoy, or perform 

6 : having general efficiency and abiUty 

- ca-pa-ble-ness 4>) /'kA-p&-b&i-n&s/ noun 

- ca-pa'bly /-p&-blE/ adverb 

For More Information on "capable" go to Britannica.com 
Get the Top 10 Search Results for "capable" 
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PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK: OFFICE 



In re Application of: 

Barrett R. Harvey et al. 

Serial No.: 10/620.278 

Filed: July 15, 2003 

For: COMBINATORIAL PROTEIN LIBRARY 
SCREENING BY PERIPLASMIC 
EXPRESSION 



Group Art Unit: 1645 
Examiner: Ford,V. 
Atty.Dkt.No.: UTXB:715US 



DECLARATION 



OF Barrett R. Harvey UNDER37C.F.R- § 1.132 



Assistant Commissioner for Patents 
Washington, D.C. 20231 

I, BAKRETT R HARVEY, HEREBY DECLARE AS FOLLOWS: 

1. 1 am a citizen of the United States, and currently reside at 203 Green St., Souderton, PA 
18964. 

2. Iwa3employedbyll.eUnive.sityofTexasfroml998until2004.withthetideofRese.^^ 
Assistant. During that time I was a graduate student at The University of Texas. My primaiy duties 
as a Research Assistant vvere in conducting scientific research in the ar^ of molecular biology. My 
supervisor was George Georgiou, PKD.. who is a cO-inventor of the above captioned patent 
application. I am currently employed by Merck & Co., Inc. 
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2 .^^^^.^.■r.U.^m.^Si^V.^'^'-*^'-^^^^-^'^- 
inMicmbiology from The Univosity of Twas. 

3, I „ . co-mv-.«r of 3l»v. cloned paK« appUcatio^ have reviewed it. an,endcd 

of «f^=d appHcadon ^=c^ *e Cain, of the applicadon for 
MM. ,0 e^ a person of ordi^ry « » use ftagmeo^ of «.s,ne«b^ 
»^ ir^er me-obraBe Hpop^^ta, for praaic«>g .he deserved in data J of 

this application. 

5 , am fterefb. P-vMing U« pre», Declan.tio» » demo.sUa« d^ 4e meU.od describe, 
in eiain, 1 is errahied for «re ^ of f^^ of „ansme«>bra.c pro«ir. ir.^ of inner 

membrane lipoproteins, 

6 Thes«diesc»iedo«inworkingexamples Mand 15 of *e ri««-oapaon=d invention 
de.ons.a» .ha. c,*n , is «^l»d for .he use of ftagmecU of .ransn«n*r.oe proteins and 
fapasm of Inner nwnbrane lipoproreins as follows: 

A Fragments otinner membrane UpopMWins 

M oonfrm 4at *e med^od of c,.m , can be aebi«cd by ».chorin. a binding 
^.ypcptide » essendally any ftagmem of an inn. membrane Upopro.ein. Specifically, drese 
e^les d=mon.«a.e *e use of . six amino add Sagmen. of new lipop™.ein A (NlpA) » anchor 
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Upoproteins, .h= localizadon of NlpA « *o tancr m«nbr=« of a pro.=a,otic «1. is 
by fl» "f Asparate in position of to second .n>ino acid r«i4.e 

^ifiction page 17 «n« 23-26). Sm« d^^B andno acid 2 of any lipoprotein or Hpopro^in 
« an Asp»«. Will »g« i. » resid. in fl. i™er .nembranc. fl>e sp=clflcaaon «abl« 
«^ of as^n^ally any lipop»«in or Upop.o«in <o 0» ^ 

spccifica^on page 18 lines 1-4). Wore, to appUcato ft,Uy .cache, one of sldll in to art » u« 
fag^« of Kpop.«.d« «, pracS* to metod of d^rn 1 oriy routine experimcnradon. 

B. FragmeDts of transmembrane proteins 
Example 15 confirms d>at to me*«Ki of claim 1 can also be achieved by ancbonng a binding 
polypeptide .0 a fta^en. of .r»«me«tane p^teins with only roodne expcdn^don. 
Sp.d8eally.toe»mpled«nonstta,eston.eofafiagn.entoftophagegene3minorcoa.p«>.ein 

(g3p). referred to asto'-shortvan-anr of g3p.«>»»horascFv antibody .otoperiplasn-icfece of 

fte inner nre„*rane. Dming normal phage morphog^is, g3p becomes positioned across to 
inner membrane befaci, is incorpcat^lonu, to gn>wing phage. Tto e^on of to short 
«rian. of g3p witon. any other phage genes causes th. g3p fta^-t to remain atta^ed to to 
inner .nemhane as a ,,ansn,emi«.e protei.. Example 15 toref^e demonstrates tot to medrod 
Of daun 1 can be achieved by anchoring a biruiing polypeptide .0 a fi.^ of .sse«ially any 
transmembrane protein. 

7. FiWher smdies have demonstrated ttM fragments of the TatC ptoteh>, and thus any 
transmembrane protdn fragment, can be used as anchors to adnove to method of clahn I. 
These shrdies, which were prepared by Ki lun leong along with n.y participation ar^ under 
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^ supemaio. Of G«rg. G»rgiou, a co-tovcn»r to .bcv. captioned pa»ot ^U««on, 

were carried out as follows: 

A. Ftagments of TatC 
A Ubrary of fragmcnls of *c £. ~n*«« J™"*- T«C oomttucW by ose of 
fl« ttdo-rrCHY meOKKl «. ge-«o deWo-s in to TalC gene. tesuldng gen. ftagmen« 
were liga«4 to a vector conutaing to 26-10 kFv andbod,. which i, . digom specific 
^ pro«in. The re»lU.g library coouined ftsions spanning to entire Ta.C gene, which 
auowed screening of over 2.M& different fagmenB as is described below. 

B- Screening of fragments 
Tie TatC-scFv library of fusions was «cp«ssed in E. Co,!, labeled wid. digoxin-BODIPY™. and 
highly florescen, clones were isoia«d following t«o rounds of floored. activa«d cell sorting 
(FACS) using the «>chored periplasnic «tpression technique as described in tins patent 
appHcation. Ihe sorted ceils were ino^ated on agar plates. ^ 40 .«.don. clones were chose, 
for investigation of ti«ir individual florescence intensity. All 40 clones showed up to 10 times 
higher n-ean ceil fluoresc»ce d^ negative consols, and sequencing of to 40 clones r«,ealed 
28 nniqne 6^on Junctions. This den,on,.ra.ed dtat at leas. 28 different ftag^nts of to TatC 
transmembrane protein could be used as anchors B. p«ctf ce to method of claim 1 . Tl^ fi^ 
^hed as Erhlbtt A illustrates to location and identity of to 28 diB«en. fbsion point. 
between to TatC ftagments and to bmding protein. This figure demonstrates ti>a. in over 95% 
of to selected clones (38 ou. of to tested 40 clones), to scFv was iused to sites fl« were 
periplasmic or to ailes tot were near to periplasmic end of a .ransmembranc helix. 



4 



Received 09/14/2004 08:21 in 01:42 on line [3] for RH10056 printed 09/14/2004 08:43 * Pg 6/6 
09/14/2004 09:33 FAX 2159938320 MEROT 



2)006 



c. 



Conclusion 



torn m ««>sm«nb»ne g««. m,»tr3dng « memod of olata 1 ^ 



of fragments 



achieved usinlg fragments from any 



8. Baser 
in the art in 
patent application 

from 
fragments 
described ir 



transmembrane 



cif 



hereby 



9. I 
statements 
were made 

fine or imprisonment, 
such wUlfiil 
thereon, 



Date 



transmembrane protein with only routine experimentation. 



on the worldng examples and studies discussed above, a person of ordinary skill 
possession of the application can practice the method described in claim 1 of the 



usmg a broad range of ftagments from lipoproteins as v^ell as fragments 
proteins. Only routine experimentation would be required to use 
lipoproteins or fragments of transmembrane proteins to practice the method 
claim 1. 



declare that all statements made herein of my knowledge are true and that all 
n.adeoninfornu.tio..andbeliefarebelievedtobe^e;and&x1herthat^es^ 

willful false statements and the like so made are punishable by 



with the knowledge that ^ 

or both, under Section 1001 of Title IS of the United States Code and that 
felse statement, may jeopardize the validity of the appUcation or any patent issued 



\0H 



Barrett R. Harvey ^ 
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PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK OFnCE 



In re Application of: 
Gang Chen, et aL 

Serial No.: 09/699.023 

Filed: October 27, 2000 

For: ISOLATION OF BINDING PROTEINS 
WITH HIGH AFFINITY TO LIGANDS 



Group Art Unit: 1632 
Examiner: Ford,V. 
Atty-DkLNo.: UTSB:675US 



CERTIFICATE OF MAIUNQ 
37C.FJl.§1.8 

I hereby cei1iV0«» IW* correspondence Is being deposited wMi the U.S. Postel Senjcejw^^ h^^*^ 
O^M^inBn^I^ AssidartComiissionerto Patents. Washington, IX: 20231, ont^ 

below: 



Date 



Rfih«tE.Hi 



Robert E Hanson 



DeguarationOf JongsikGamUnder37 CF.B. § 1.132 

Assistant Commissioner for Patents 
Washington, D.C. 20231 

I, JONGSIK GAM, HEREBY DECLARE AS FOILOWS: 

1. IamacitizcnofSoufliKorw,andcunentlyresideat 1014 Stratford Ct., State College, PA. 

2. 1 was empbycd by The University of Texas from 1997 unti 2004> with the title of 
Research Assistant. Duriig that time I was a graduate student at The University of Texas. My 
primary duties as a Rescardi Assistant were in conducting sdeotific research in the area of 

2*W774$_1JX)C 
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pharmacy. Oneofmy twosupCTvisorswasBrentIvC3Son,Ph.D., whois aco-iiveiitorof theabove 
captioned p atent app ficatioa 

2. I willrccdve a Ph.D. in Phaimacy from The University of Texas in May, 2004. I have been 
condQctmgresearch in the aieaof pharaiacy since 1997. I have a Bachelors degjee and a Masters 
degree in Phamiacy from the Seoiil Natbnal Univeisity in Seoul. South Korea, 

3. I have revxwed the amended claims of the above-cap tbned patait appfication and am 
famiiar with the technology and steps desaibcd in the claims. 

4. 1 understand that the Patent and Trademark Office E^cairincr in chaige of assessing the 
patmtabiliy of the refaraccd patait application has rejected the claims of the above patent 
application for faiSng to recieawashstep. In particular, it is my undcrstandiog that theExaromer 
asserts that a separate wash step roust be added to make the folbwing procedure functional: 

1. (Current amended) A method of obtaining a bacterium comprising a 
nucleic acid sequence encoding a bmding pioiein capable of binding a target ligand 

comprising the steps of* . . i • j 

(a) providmg a Gram negative bacterium compnsmg a nucleic acid 
sequence encoding a candidate binding protein, wherein said Wndixig 
protein is expressed in soluble form in the periplasm of said 
bacterium; 

(b) contacting said bacterium with a labeled ligand capable of entering 
said periplasm; and . ^ ^ 

(c) selecting said bacterium based on the presence of said labeled ligand 
within the periplasm, wherein said ligand and said candidate binding 
protein are bound in said bacteriunt 

5. I am providing the present Declaration to submit data demonstrating that a wash step is 
not required for the successful use of the above procedure. 

25407745 l.DOC 
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6. The studies carried out by me demonstrating that a wash step is not necessary for the 
function of the technique described in the claims can be summarized as follows: 

A. Bacteria 

E, coll ABLE™C and TGI bacteria were obtained expressing a digoxigenm-specific scFv in 

soluble form in the periplasm. Periplasmic expression was achieved by linking the scFv to a pelD 
leader sequence. Expression was regulated by the lac inducible promoter, the expression of which 
is induced by the addition of IPTG to growth media. 

B. Cell culture 

Growth media was supplemented with ampiciUin (100 ;<g/ml) when necessary. Bacteria containing 

the plasmid encoding the scFv were grown overnight in TB broth containing 2% glucose at 30**C- 
Cells were subcultured in fresh 2xYT{or LB) media and re-grown at 37^C for 2 hours until 2an 
OD600 of 0.5-0.8 was reached. Hie cells were induced with IPTG (0.2 mNQ for an additional 4 
hours at 25''C to express die scFv antibodies in the periplasm of the E, coU strains. 

C. Labeling 

50 j4l of the induced cell cultures were incubated in 950 ftl of IxPBS at room temperature for 1 

hour with BODTPY-conjugated digoxigcnin (usually 200 nM = 0,2 /iM). The incubation was 
performed succe^fuUy with and widiout use of peimeabilizers (PMBN, EDTA or lactic acids were 
used when a permeabilizer was included). At this stage, trials were run both with and without a 
washing step after the incubation. The resulting cell suspension (10 /il without a washing step), . 
was diluted with 1 ml of IxPBS in a SIP tube for the FACS analysis. 

D. Selection 

10^ events were analyzed on a Becton EMckinson FACSCalibur for both the washed and unwashed 
trials. Sheath flow was IxPBS for all of the screens. Cell viability was judged using the propidium 

25407745J.DOC 
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iodide (PI) staining method (1 //g^ml). The screening demonstrated a high FACS signal rclative (n 
negative controls laciing the digoxigenin-speclfic scFv both with and without the wash step. Hie 
results confirmed that in cells expressing ihe scFv binding protein with specific affinity for the 
labeled ligand the bound complex was accumulated and becomes detectable above background 
levels (the control) based on this concentration of signal regardless of the presence of unbound 
labeled ligand 

7. Based on the foregoing studies, a wash step is not required for the use of the method 
described mflie claims of this patent application to obtain a bacterium comprising a nucleic acid 
sequence encoding a binding protein capable of binding a target ligand. 

8. I herd)y deckre that all statements made herein of my knowledge are true and that all 
statements made on infomiation and belief arc believed to be tni^ and further that these statements 
weremade with the knowledge that willful false statements and the like so made are punishable by 
fine or imprisonment, or both^ under Section 1001 of Title 18 of the United States Code and that 
such willful false statements may jeopardize the validity of the application or any patent issued 
theieon. 





Date 



Jon^ik Gam 
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Isolation of high-affinity ligand-binding proteins 
by periplasmic expression with cytometric 
screening (PECS) 

Gang Chen^^ Andrew Hayhuist^*^, Jeffery G. Thomas^-^, Barrett R. Harvey\ 
Brent L Iverson^^, arid George Geor^ou^<^ 

Poriptasmic expression wHti cytomeHic screenmg (PECS) is a powerful and r£q)kl*(fisplay4ess' technology for 
isolating Bgand-tMing piot^ns from cfiverse fibraries. Escherichia coS expressing a ia>rary of pfofe^ 
secreted irito the periplasmic space are incubated with a fluoresce 

proper con(fitiofis»igarKis as lar^ as about 10 kOa can equiflb^ space without com- 

promismg the cetfs integrity or viabtTity. The bacterial cefl envelope effectively serves as a dialysis bag to 
selectively retain receptor-mjorescent probe oomptoMes but not free ligandL Cells dtepiaying increased 
fluorescence are ttten isolated by fk>w cytometryL demonsbate ttiat scFv a n tlbodfes with both very high 
and lOMT affinity to digooogenin can be isolated from Gbraries screened by PECS using a benctttop fkm 
cylbmeter. We also show that preexistmg ik)rarie$ oonstruded for cfisplay on fSainentous bacteriophage can 
be screened by PECS without fhe need for subdoning. in fact, PECS was found to select fbr proteins that 
could be missed by conven^>n^ phage panr^ and screening rnethods. 



PiDtcin dssjpizy technologies collectively represent one of tbe most 
povtrerful tools for protein engineering*. For display purposes, a pro- 
tein is fused to tbe C or N tenmnus of a polypeptide sequence that 
targets the resulting diimcra onto tbe surfaces of biological particles 
such as viruses, bacteria> yeast, or higher cells, libraries are typically 
screened for Kgand binding by a series of adsorption-desorption 
cycles, a process also koovm as "panning. Paniung has been used 
successfully to screen hi^dy complex libraries made by cloning the 
mammalian antibody repertoire and displaying it on phage (up to 
10" clones). For somrwbat less diverse 12>raries (up to 10* doites), 
display on bacteria or yeast coupled with flow cytometry b a power- 
ful tool for the discovery of proteins with exceptionally high figaiul- 
binding affinities and for the isolation of enzyme catalysts^* 

Ahhough the importance of dis^y tcchndogies for protein cng^ 
neeting is undisputed, the need to anchor the target polypeptide 
omo the sur&ce of a biological particle imposes a nombcr of Uinita- 
tiom that call significantly reduce tbe diversity of the libfary icl^^ 
to the totality of proteins that can be piodiioed in a soluble form 
within die cdL Fust ami foremost^ protein display requires t^ 
pioiein of interest be c]9ressed as efther a C- or N-terminal lusion» a 
[mNxssdut can adversdy affect protein function or stability. Second, 
proceiD dl^>lay is subject to l»ological constraims associated with 
protein export and presentatiODb which may compromise the 
vlabifity of the virus or ccU (e.g^ re£t 67). Third, complex proteins 
consisting of several pdypcptide chains or requiring certain post- 
trandational modificatioits may be intrinsically incompatible with 
display on phage, bacteria, or yeast. Such proteins indude, for exam- 
ple, oo&ct<»r-containing bacterial proteins whose biosynthesis 
depends on tbe recendy discovered twin arginine motif export sys- 
tem*. Fourth, dt^lay can introduce certain amplications for screen* 
ing such as avidity effects'-", m die case of viruses, or nonspecific 
binding of tbe fluorescent probe to the oeB surfiice*. 



Here we describe a *display-les$* approach for isolating protcim 
that bind to small molecules, induding peptides and oligonu- 
cleotides, based on PECS. libraries are samply e3q>ressed in sohibk 
form in tbe periplasmic space of B coH by means of a suitable signal 
sequence and mixed with a fluorcscently tagged ligand (Fig. 1). 
Normally, tbe outer membrane of Gram-negative bacteria restricts 
the difiu^n of molecules larger than -650 Da^, However, we have 
found that an appropriate combination of growth conditions and 
bacterial strains permits molecules as large as 10 kDa to equilibrate 
through tbe outer membrane while periplasmicaOy c]q>ressed pro- 
teiris arc retained within the cdL %>ecific binding of the fluorescent 
GOi^ngite by the cogiiate penplasmic proteiD results in increased flu: 
orescoice, allowing the cdk to be isolated fitmi the rest of t^ 
by flttorescence^activated ceQ sorting (FACS). Thus the ccO emrelope 
serves as a dialysis bag that retains proteixk-l^aixl complexes. 

We have demonstrated the utility of PECS for discoVcriog ligand- 
binding scFv ant3>odics. One advantage of PECS is that it can 
readily be used to screen by flow cytometry any existing lihrary coo- 
str tided for dl^rfay on bacteriophage without the need for 
subdcning* This feature allowed the isdation of umque Irnkfiug 
dooes that confcl not be identified by conventional panning. 

ResoHs and discossion 

Floofesccnoe detection and enrKhment i^cells cxprcssmg scFv anti> 
bodies in the periplasm. The 26-10 scFv antibody Innds widi big|i 
affiiiity to canUac glycosides such as digoodn and d%o(ngeim 
values of the purified antibody for digcodn aixl digoB%enin are 
0^ ± 02 X 10* M and 2.4 ± a4 X la* M, icspocavdf^ Hie 
26-10 scPv and its variants have been used extensively as a model 
systm to imderstand the cfifat (rf^nratatiom in the complementarity- 
determining repODS (CDRs) and in the framework regions on hapten 
binding^'* We e xpr e sse d die 26-10 scPv in the £ mfi periplasm 
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Table 1. Ught^dtain CDR3 amino add sequences of mutants' 




Ftguro 1. A schematic tfagram showing the princ^ 
expresskm with cytometric screening (PECS). Libiai^ 
secvsted to the £ CDffper^)(asm can be labeled by ftioresoem cnr^ 
of Kgamfs by a sinnple M^t-sal incubialte 
mefflbfaneseivesasa<faiy^mend>ranea8owan9da^^ 
Ik^nd out of the ce9 and retenUon of pfoiein-figand comi^^ 
ceB.i7ie Ouoiescefrt oefis am then separaied by FACS aoconfir^ 
defined paiameiem (e^g.. legion one: rriV Only cells expie^^ 



using the arabinose promoter and pcIB leader sequence in plasmid 
pBAD50pelB>Dig, This vector was used to transf^Min the arar R coB 
strain LMG and scFv expressi<m was induced with 02% (wtAvol) 
arabinose at 25"C We observed that upon incubation wntfa lOOnM of 
digoxigenin-BODIFir, the cells became strongly finoresccnt» and the 
fluorescence signal was retained even after extensive washing to 
remove nonspedficaOy bound ligand (data not shown). Staining wid) 
the viability stain propidinm iodide (JPl), whidi binds ^>edfical]y to 
damaged cells by intercalatii^ in normally inacoessBile doable- 
straxided nucleic acids* revealed tiiat >90% of the ccDs were not pcr- 
roeabk to the dye. the fiactioD of viabk celb was simibr to that in 
control cultures harvested in late apooential phase, indicating that 
die ligand-bound £. cnfi ceSs wcie stroctoraSy intact. 

Cdb expressing the 26-10 scFv antibody in tbe periplasm could be 
cnridied from a largr excess of £ colitransfonned wfth vector alone 
in a single rotmd of sorting. Specifically; LMOlM (pBADJOpcUl- 



Figure 2. Optimteadoo of the peripiasn^ expresskm screening si^^ 
(/^ Effect of lypero sro olfc shock on efficiency of bbeing of tfie 26-10 
scFv expressed from pHEN2.dig26-10 in Eoo*ABLEC and tabe»ed tor 
1 h Witt) 100 nM dKloodgenin-BOOIPY.The PBSconc&iiration.employed 
and the mean fluofesoence (MFU of the populations are sfKiwnL C^els 
e>( p res si n9umelate d am^odfes(toatrazineof iriyros^otouin)and>^^ 
under identical ojndUons gave a lyFL of 5^ (data not shown). (B) Efiect 
of infectioowilh M13K07 on ftelKiorescence signal detect 
cells labeled wih 100 r^cfigoodgenin^ODtPY in SxPB&Cels were 
expressing eAher an anfr^bazine scFv (all) or the 26-10 scFV (dig) using 
the powerful Ptoc pmmoter and eaher left uninfected or infected 0<07) at a 
mullipliclly of Inftoion of 10 at Ol5 h pieindMCl^ 
solocti oofcf phage infection wBh ta n o TBycai (70 
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•Muianis were isolated by 60 11*1 (^1-ea4) ml 90 min (sai-^Q 

seiecwo%wnwieacBiaitKaBDerfliiQeiai ca cienesi^^ 

No data. 



Dig) cdls were nuxed with a 10/)00-irold excess of £ coH containing 
vector devoid of an scPv insert (pBAD30). After fluorescence label- 
ing and cdl sorting, enrichment £aaors of over 1 »000 fold per round 
were obtained (data not shown). Celb cqpiessing control scFv as 
<^)posed to criq>ty vector were also rnistained by the labcltii^ 
dure (see bdow and Rg. 2). 

Antibody affinity maturation using PECS. An affinity-improved 
variam of the 26>10scIV containing tluec amino acid substitutions in 
heavy-chain CDRl (T30P» D31S, and M34Y) was isoIated>^. Tbis 
done was designated A4-19. Using sur^ fhsmon resonance, we 
determined the equilibnum dissociation constant (Kp) of the puri- 
fied, monomeric A4> 19 scFv to be 03 nM compared to 0.9 nM for the 
26-10 scFv parental antfixxly. Three ^;bt-chain CDR3 residues that 
makecomact with (Tiir91,Pira96) or are in dose proximity to (Val94) 
the digoodn hapten*' were randomized nsing ao NNS (S s G or C) 
strat^jr'^ A library of 10* transfonnants was obtained in the 
pBADpdB veaor. llie library was screened by two rounds of HACS 
ttsii^ a low- throughput bencfatop flow cytometer (Becton Diddnson 
FACSort). In the first round of screening* the bbdcd ceDs were 
washed once with PBS and sorted in recovery mode, wfakfa collects aD 
fluorescent events including droplets that contain both a ix>nfiuores- 
cent and fluorescent particle. Operation m recovery mode oJlects 
more rare cells at the expense of purity. The coUected cdb were 
Rgroim» Iabded»w8shed» and then iiicubated m 
(5 pM) of free ^goedn for various times. CcBs that retained the 
de^rcd level of flo o resc e oc e weie isolated by FACS using exdnsioo 
mode» which ensures a hig^ d^ree of purity by rejecting 
cmnddent fluorescent artd nonfittostsoent events: Five random 
dones from the cell population isolated following incubation with 
competitor for €0 min and 13 cfones from the 90 nun pool were 
piclxd at random and sequenced (Tible 1). The respective scFv anti- 
body piotcim were purified by >G affinity chromatography foflowed 
by gd filtration fiut-perfonnance liquid chromatography (FPLC), 
and the hapten-bindiog kinetics of the roonorocric scFv proteins 
were determined by surfoce piasmon resonance. AO die scPvs exam- 
ined (fispbycd association rate constants indtstingnishable fiom 
dtose of the starting A4- 19 antftody (0.9 ± 0.2 X 10^ M-'s-i). The Alfa 
of the dones isc^ated after 60 min of competition were the same as or 
bster dian that oi A4-I9. However, two out of three dones isolated 
after a 90 min competition exhibited slower ks» values, with one 
done, 90.4, having a twofold slower dissociation rate constant result- 
ing in a Xb (tf 150pM.Thos, we could isolate a higher affinity mutant 
of an antibody that already exhgwted a subnanomolar Xp by saeca- 
ii^ a library of 10* doDcs vsing only two louDds of PEGSw 
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Figiire a Examples of taigete visualized by PECa (A) Ruore^^ 

hro separate TNB-speciSc«ii« (TNBc and T^^^ 

1 00 rM T^e-Cy$ con^te. (B) Labebig of oete expre^^ 

FrrCitigoDdgenirH&beledoBgonucfeoti^ 

longer oligonucleolides were also used to fluorescerx^^^ 

(at^, yielding profiles eqivvalem to mat shown for ffte 5n^ 
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OptimizatioD of labeling ocmditions and aj^ficatkm to other 
ands. To adiitve optimal cnridmient ratios during library screening 
by PECS, it is important to obtain the maWwmm fluorescence signal 
possible without con^romising cell viabiliiy"*. The flnoiescent 
intensity of odis expressing binding proteins in tfad perq^asm and 
incubated with ligand concentrations above the JCpwas found to 
depend on a inimber <^ physiological and genetic parameters. A ^ 
nificant increase in fluorescence with concomitant retention of ceB 
viability was observed when the cdls were grown at 25*C litde sohi- 
ble scFv is produced at 37X: {c^ ret 19), and growth at subpbysio- 
logical teinperatures generally enhances die yield of cofxcctly fi^ed 
proteins. ]n4>Qrtantly. gn)wth at 2SX: increases pennc^)^ 
the outer membrane, in part because the cdd-sensitive scc a ct o iy 
pathway alters the mcnd>iane conopo^ticm'*. 

Various £. cofi strains expressing the 26^10 scPt exhibited signifi- 
cant diCFerences with respect to labelii^ «ridi 100 nM d^OKigeniD- 
BODIPY: For example, the commonly used I3)iary strains TC-I and 
HB2I51 di^layed a mean fluQres<xncc intensity cmly threefold hjg^ 
cr relative to d>c respective contnJ cells containing vector alone. The 
highest signal (eigbtfold h^;ber than the control) was obtained with 
£. coliABlEC under a variety of induction regimes and growth con* 
ditions. In all media (IJ^TB,2x TY), at all tc inpciatui c s (20% 25*, 
and 30ffC), with all aMnbinations of to np cia tui c dufts upon indue* 



tion (3r-25* 3r-30-C no shift), and with aD levels of 
IPTG inductimi (10, 100, 1,000 |iM), ABLEC surpassed 
the other strains tested. 

The ionic strength and conq)ositi(» of dte bufo used 
fi^ labeling also had a proncmnced effect on the mean 
fluorescence intensity of the cdk (Hg. 2A). Labeling in 
5-fi;dd or 10-fold concentrated PBS resulted in a more 
unifonn and highly fliioresoent population. Labdii^ 
5x PBS gave a |wak-to*peak sqnratipn between contxQl 
and 26-10 scPv-cq)ffessii^ ccOs of around 20-fbld. Tlie 
elevated salt concentration and osmotic pressure under 
these conditions may be di s rupting the ordered nature 
of the hpopolysaccharide layer in the outer membrane^ 
resulting in increased permeabifity2i^. Whereas lOx PBS 
gave the highest mean fluorescence intensty, cell viabili- 
ty (as judged by PI staining) tended to be compionused, 
and so we tyi^wally used 5x PBS. The highest fluorescent signals were 
obtained by (1) driving the expression of scFv antibodies from d>e 
marc powerful promoter; (2) using ABLEC as the host strain; 
(3) labeling in 5x PBS buffer, and (4) infecting the ccOs with the fib- 
nuntous phage M13K07 (Rg. 28). Although pIU (a minor coat pro- 
tein) expressed in the absence trf other phage proteins has been 
shown to increase the pcrineatnlity of the outer monbrane^, overex- 
pression of pUI is extremely loodc to the host cell, especially when it is 
fused to scFv (ret 24). Likewise, ahhough nnitants of the large a<pie* 
oos pore-forming pIV have been shown to improve permeability to 
Cgands above the 650 Da limit» its overeaqpression induces the 
phage shock response^, adversely affecting cell growth. Thus, 
although pha^e infection resulted in the highest fluorescent intensi- 
ties without rcdndiig oeD viability, we gcncraBy avoided it because of 
much slower growth of infected versus uninfected cells. 

Wng optimal conditions, celb eqiressing scFvs in the per^ 
could be fluorescently stamed with a variety of ligands including 
small molecules, i^igDnudeotides, or peptides with mokcnlar 
weights as high as 104)00 Da (Fig. 3). For examine. Figure 3A shows 
the fluorescence distribution of ceib eaq>rcs5ittg two diffeient sdV 
antibodies to tiinitrobenzene (TNB) isolated from a naarve fil»ary 
(A. HaybttTSt, BJL Harvey, BX. iveisott, and C Geoipou. unpub- 
lisbcd lesolts). The ceDs were stained vrith the flnoiescem conj^ 





signal Naive ftrary(»edcifctes);pan1(co^Sde^ 

gttwohhen^Gnffin Itory andf^^ 
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F^ure 5w Exaimning clones isolated by phage dteplay ami 
feom osmolk: shock fluki of ABLEC corilaining pHEN2 w 

(fHtecfcirctes); positive oofiliol 26-10 (eniplycirc^ C^'^erledfiBed triangles); pafKig2 

(inverieft empty triangles); FACS-dtg3 (fiBed squares). One-tentti ol the amount of shocfcats 
isolaled from 20 ml OO uirils/cm at Aco»(or too mO was IvvdM 
<SgoDdgenin-ovalbumin--coated^^ 

these con(Iftion&) (B}VVIes>Dn)t]lc(ofosiiK>ticshocicate and spheropiast factions ol equal anK^ 
of caUs (the same sivnples used lor derivalkm c« shodcates used in Fig. 4A) pr^^ 
p-faOamase (P4ac) sorum (2) anti-aniinoglyooside phosphotians^ 
(3) anthhi^ serum (sd=v). (1) and (2) were used as bontnte to 
fcaciioi>aito i i.Antf^abMt4fflP(1.and2)andan^^ 

a n t a >wiB S. (QBIAcofe analysis of 500 MMpurgiedmonomerfcpan-dl^ andFACSnfigSscFvona 
dtgoodn-BSA-oouipletf chipi Sensorgrarnswere subtia^ 
phage BJSA on ffigoodn-ovatwnrrin of cutture s 

negaiweconlfolpHEN2.atr(iaieddRdes):pHEN2^10(efnpfy (fSed 
inverted friangte);pHEN2.paiHl^(en]|y^im«^ 
Wectedceaswei»growmwah vigorous aeiai^ 
pelleted. ^ too 111 of superiialani iMvolDid seif^ 



cyanine 5-diamuK>paitanc-^riiutrobcnzcne (Cy5-DAF-TNB), 
which b positively charged and has a mc^ecular wdgfit of 953 Da. 
The Ixst clone (TNBx) exhibited a ninefold higher mean flooits- 
cence iciative to cells expressing the 26>I0 scFv antibody that does 
not recognize the TNB hapten. Similarly, cdls e3q>re$sing a scFv spe* 
d6c fior a 21-iiier peptide could be labeled with the ie^>ective fliio- 
rescent peptide conjugate and affinity-matured using P£CS 
(G. Chen, A. Haybuist, BJt Harvey, lUL hmon, and G. CeoiguxH 
unpublished results). 

To evahiate the molecular weight fimit for the difi5iskm of Ixga^ 
into the per^>lasmic space under the conditions identified above, we 
used a set of oligonucleotides bearing digcodgenin at one end and a 
fliMnescrin isothiocyanate (HTC) Jabd at the other end. The 
ohgonucieotides were syntheuzcd using phosphoiothioate linka^ 
to minimize degradation by nucleases and consisted of 5 (23S4 DaX 
10 (4,397 Da), or 20 (5,727 Da) adenosine residues. Upon incubation 
with 100 nM probe, negative control ccQs escpressing a scIV to the 
iinieiatcd bapta atrazine^ slMwcd bacfcgrou^ 



bkition (mean fluorescence intensity irre- 
spective of the sae of the probe. In contrast, 
cells expresstiig the 26-10 scFi; which binds to 
Ae digoougenin mcMcty of the o%)Bndeotides, 
exhibited 5-fold, 33-fold, and greater 
fluorescence than the control when labeled 
with the 5-nMr, lO-iner, or 20>mer, respectively 
(Fig. 3B). Presumably, as the size and charge of 
the oligonucleotides increase, we are reaching 
the limits on outer membrane penneahiltty 
under the conditions we used, ft should be 
noted, however, that in our hands a twofold flu- 
orescence diflcrence stiD allows resohition and 
sorting of populations. 

Analysis and screening o>fphageQ>raries by 
FAGS. lAfe have found dnt FACS can be used to 
isolate ligand-binding proteins fnsm existing 
libraries constructed for di^Iay on baaerio- 
pbage. This is very useful, because the construc- 
tion of highly diverse libraries de novo is 
technicaUy demanding Phage-displayed 
libraries arc amenable to screenii^ 1^ PECS 
because, daring phage biogenesis, pIQ fusions 
are first targeted to the per^lasm and anchored 
onto the inner membrane bf a smaU Otcrminal 
portion of pill {rth 28^9). In the most widely 
used vectors for phage di^Iay, an amber oodon 
is placed between the N-terminal scFv and the 
pm gene. Thus, as a consequence (^inefficient 
amber suppression, all libraries containing 
amber codons give some pcrq>iasmic expres- 
^on of the proteim not fused to pllL 

Conventional phage parming of a widely 
used semisynthetic fibrary (Griffin. 1 ) success- 
fiiDy enriched dtgoxin-binding phage (Fig. 4A, 
B). Pans 3 and 4 had 0(48 and 28^48 positives, 
req>ectivdy> as judged by monodonal phage 
enzyme-linked immanosorbent assay 
(EUSA). IWenty-four positive domes from 
pan 4 shared the same DNA fingerprint. DHA 
se<jnencing of six isolates con&med the 
presence of a nngle heavy- and Hght-chain 
family used (VH5 and VXl). One done was 

• represented five times ("pan-digl^X^crcas a 

second was found once (*'pan-dig2'*)* 
Mutations responsible for differences between 
pan-digl and pan-dig2 were in HCDR3 (P97T, S98Y), ICDR3 
(R95aP,A95bR,V96-),andLFRl (UV). 

The phage population from ead) rouiMl was used tt> infea ABLEC 
Upon labdmg with digax%enin-BODIPY, the cefl populations from 
cadi round displayed fluc^esccnce distributions consistent widi the 
correq>onding pb^ EUSA signals (compare Hg. 4A and Q. 
Significant enridunem of binding clones in a single round of PECS 
was obtained with cell populations infected wfth phage from the third 
ai^ fourth rounds of paimii^ The fourth round yiddcd 7/8 positive 
for h<i4en binifing by FAGS, all dones being idaitical to pan^l. 
Although die third round yielded 5/14 FACS posithvs, 3/5 encoded a 
novd scFv, designated *FACS-dig3* (the rernaining 2/S were pan- 
digl). Hiis done exhibited a compktdy different DMA fingerprint 
con^iared to die dones isolated by paiming. Sequencing revealed a 
difeent heavy chain (VH3) and minor variations in LCDIO (R95aG, 
A95bG,V96P) relative to pan-digl. Importantly, die FACS-dig3 DNA 
fingerprint was new detected in two separate phage panning cxperi- 
nnems tDvohring dw arialyais of over 350 phage clones fiom loun^ 
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4, abd 5 (those that exhibited a positive signal by conventional mono* 
donal phage EUSA being fingerprinted). Thii$» FACS-dig3 represents 
a ia>rar7 done that could apparentty onJy be identified by PECS, pre- 
sumably for the reasons detailed bdow. 

The pan>digl, pan-dig^ and FACS-dig3 scFvs were expressed in 
ABLEC under identical conditions. Cells expressing pan-dig2 gave 
no FACS signal, whereas pan-digl and FACS>dig3 gave a comparable 
flnoresceiKe signal (mean fiuorescence intensities of 34 and 42, 
re^>ectively). In EUSA assays of periplasmic (osmotic shock) frac- 
tions, pan^digl gave a sgnal comparable to the 26-10 scFv antibody 
and FACS-<tig3 gave a weak signal, whereas pan-dig 2 gave no signal 
(Fig. 5A). Sodium dodecyl suliate-polyacrylamide gel electrophore- 
sis (SDS-PAGt) and western blotting of the sanoe diockate sam{^ 
used in the EUSA rnnealed that the absence of an QJSA signal by 
pan-dig2 done was due to the exclusive accumulation by the re^jec- 
tive scFv protein in an inn^Ie form in the ceD. The pan-digl scFv 
accumulated at moderate levels in the periplasmic fraction, whereas 
the doiK isolated only by VtCS (FACS-dig3) was e3q>ressed extreme- 
ly wcH and was foDy schj^ (F^ 5B). BIAcore analysb of purified, 
monomeric digl and dig3 scFv protein (Fig. 5C) indicated that the 
btter exhibits a &stcr hapten dissociation rate. This finding is CDttsis> 
tent with the lower signal observed by phage EUSA with the FACS- 
dig3 done (Fig. 5A). llicse results sug^ that (1) PECS can only 
select clones that exhibit at least a thresbdd of sduble l^otein 
expression in baaeria. Sudi dones arc, of coarse, most desirable for 
protdo engineering appUcations. (2) Both kw- and high-affinity 
binders can be isolated by a single PECS setup. In. contrast, widi 
pha^ display* hi^ier affinity hinders are isolated by monovalent 
(gene III) display whereas lower affinity binders generally leqniie 
polyvalent (gene Vin) di^iay. not relying ^ 
tion for sdectioo, PECS most likely avoids "avidity efiects* that often 
hamper concise phage selections^ 

To analyze yNhy the FACS-dig3 done was missed in the panmng 
experiments, pH£N2 bearing die aNrre^>onding gene was moved 
into TG-I ccDs. T&l cells transformed with phagemids encoding 
pan-digl, pan-dig2, FACS-d)g3, 26-10 as a positive control, and the 
anti-atrazine scFv as a negative control, were infected %vith helper 
phage and incubated ovcmi|^ at ZStl Rescued phage were then 
analyzed by EUSA (Fig. 5D). FACS-dig3 gave a lower monodonal 
phage EUSA signal, indicating diat, when e3q>ressed as a fosion to 
pQI, either phage growth or hapten binding is impaired. Interestingly, 
a similarly kwer ELISA signal was also obtaiiKd with the 26-10 scPv» 
even thougli the latter b well expressed and possesses a high hapten 
iaffinity; Thus, whereas FACSnSig^, and for that matter dones express- 
ing the 26- 10 scPvybind to hapten and are enridwd, they are uhbnate- 
ly missed because they give a low phage EUSA signal 

Condusiotts. PECS is based on the observation that, under certain 
experimental conditions, fluorcscently tagged ligands mduding syn- 
detic small jndecules, peptides, and ofigonudeotides can permeate 
the bacterial outer membrane and become sdectivcly concentrated 
when bound by a receptor protem within the periplaan. Huorcsccnt 
cells can then be isolated by flowcytonietry>-*. 

The finding that large ligands can be made to difiuse through the 
baaerial outer membrane widtput significant loss of ^oteins from 
the periplasm is surprising, bm not unprecedented. In 6ct» there 
exist pbysiologMiivdianisms whereby proteins (cLg^colicins) and 
even very brge complex suuuuie s (&g.» filamentous fdiage) can 
cross the outer membiane in a highly selective mannec Thus, with 
fimfaer optimizaticm, PECS might be used to saeen for binders to 
larger I^ands than those studied here. The system could also be 
applied to nucleic add-bindir^ proteiru, potentially overcoming the 
toxicity of these protdns when expressed in the cytoplasm of £ <ofi 
by other directed evofattion mcthodsL 
In this rqxwt, we have shown that PECS can be used to isolate 



binders with subnanomolar dissociation constants. Importantly, 
existing phage display libraries can be screened by PECS. Oones that 
would have been missed by standard panning and screening 
approaches, particularly very well-expressed dones, are readily iso- 
lated in this manrter. By definition, PECS sdecis only for dones that 
exhibit good expression characteristics in the host. Vk are currently 
using PECS for the isobtion of scFvs to smaQ molecules other dun 
digoxin, for the affinity maturation of anti-peptide antibodies, and, 
fii^, for expression maturation of toxic or aggregation-prone pro* 
teins (A. Ha^urst, BJt Harvey, RU Iverson, and G. Geor^oo, 
unpublished results). Finally, it should be noted that the work 
desaibed here viras performed using a low-throughput benchtop 
flow cytomctci. With a high-throughput flow cytometer (e.g., a 
Cytomation MoHo) or perhaps by employing highly paralld' 
microOuidic sorters*', it will be possible to screen very large libraries 
inchiding mammalian conq>lanentary DNA libraries aiid naive 
antibody repertoires. The screening of such libraries can be per- 
formed using repeated rounds of PECS %ntfaout intermediate an^- 
fications of the sorted ccDs, dms afioidii^ significant timesaving 
over phage panning. 

Experimental protocol 

Ruoiitscesit pnbcs and ceoifiigttcsL The ^mbesis of d^igenia-BOIMPY 
hasbeen descxibcd>^.11)e finoRScait cimjuga^ 

CyS (Amersham Ptkamada, Fiscata«ray,N)).Conjiigstcs of TNB and protein 
were made by comNmng 100-fold nxtlv excess ofTHBSwidiavaUmmia or 
BSA,aIk)wingd>c mixt ur e to reaa at room teipperamitfOT 
Ijrziag extensively gainst PBS. Pbosphorothioate finkage oligcmiideotidet 
bearing a S'^igoxigeDiii ester and a y-FTPC were (rom Integrated DNA 
"Rdmologpes (CoraMDe, lA) and suppKed at fexene-pliase 
pcffbnnance Bqiiid doomatognphy (RP-HPLC) parity. 

StratDsand p]asnud& Es€henchtaa>HstnamTGl and HB2151 were provided 
by the Griffin ia>rary.£stfayKfrifl cog ABl^ was 
(La JoBa^CA), and hdper phage M13K07 was poidased from Amcnham 
Phannacia. £KfterMii <9fi U<G]94 (m^^ 

honi )oo Beckwith. Ptasmid p£T2Sb was from Novag^ (Maifisoo, Wl). 
lofonnation on the construction of expression vectors and fcstriction niap$ 
of die pbsmids used in this woifc can be pforided by die andmis opoo 
rtqncsL 

A£Bnity m at ui ation of the A4-19 scFv. A Gbrary of 10^ transforaianls in 
whid) LCDR5 residues Thi91, ^U9«, and Fm96 in die A4-I9 anti-digorin 
scFr had t>ecn randomized asioig syndictic ol^oiRickotidesi* was created. 
The ccfls were grown at 37C overnight and were then snbculttired in fresh 
Loria-Bertani (LB) meaum and grown at 25X for 2 h. The cdb were 
indoced with 0.2% arabinose for 4 hand then were incubated with d^oxi- 
gann-BODiPY (100 nM) for I b. After washing ooce in PBS buffer, bbded 
ceOs woe sorted on a Becton EKdCinioa EACSort (San lose, CA). The cdb 
i*m fim sorted in lecowry mode, coBecied in PBS ami SDbs^ 
mtoSOC medhim for o wnig>n growth at 37*0 tbe<filDted odh were grown 
at 2S*C and indoced widtarriMOose for 4 h. The cdb were labeled widi 100 
nM piobe, dien incubated widi 5 |iM of unlabeled digoxm for between 15 
and 90 min andsorted m exdision 

omn^t at 37^ and mdividnl dones siibse<|iienUy selected ft^ 
dibtioos of the saturated cttttnte 

Stir&ce pbsmon icaooaDoe.l1ie association ooostaiits of «cFv nniiaM 
measored acomfing to die method of Chea ct al(> asing a BIAoote 1000 



PECS pptfndntkuL An afiquot of AUfiC bearing die clone of imeccAm 
scrq>cd fiom a glycerol stock into I mleif 2x TY (2% f^uoose^ 100 pgTnd 
amf^dlBn) to obtain an ODboof-0.1. After 2 b of gmwtb 37^ with 
OPS shaking, 5cFv expression was indoced with I mM isopropyl-^-i>-gabcto> 
side (nrcX and the cuhme was tiansfened to 25X for 4 h.Rfty mi croliters 
of ODthiiie weie hbcM with 100 nM of fiuorescent probe in 4^ of tx PBS 
(lOnM NikHPO«. I J mM KHzPO,. 2.7 mM Ka 137 mM NaOX 25x PBSw 
Sx PB^ or lOx PBS for I hat rocMn temperature widi moderate agitation, for 
dtefasi lOndn onabcling,n imaddcd to 1 tigM Cdbwese pdleied,ren»- 
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I iOO|dofthe same lmfo>aikd the lhioresceixedistr3>iit^ 
events wmuuAyicA at -1500 s*' on the FACSoit The analysis ofTNB-CyS 
conjDpte %MS done on a l^no (CytomalioD, FDrt CdOm^ 

yit^ l ui MM iie P^^CS ^Mtiii^^ «f phage BbfarieaLTbe QrifSn.! libiary w» 
rcsoMd and sAjcdcd to fii« rmrndt 0^ 

website instroction maiioal (hnpc/A(n»n*jmc-<pexaniJCjA/pl»gt/g1^^ 

Immunotubtt were coated with 10 pgtail conj^^ 

caiboMie bufe pH 93. ft)Boinng each pan» die neu^ 

atcs wmhahedaoJ used to mfixt other TG-1 for the Dcxtroo^ 

FACS analysb. Ehiate thm wcie monkcired to ii^^ 

hm£i^phs^P> 

For pha^ lilMary sotting, the cdls «m po«m m 
with ai mM IFIt^and IMed wHh 100 nM piobe in 5x FB& 
performed in excbsioa mode on 10^ events (lO^ for 
1^ cvcnts/kTbe coBccted sort sohition wasfnssed dirough 02 pm ipem> 
brane mten (Miffipoit Q»poiaticm»Bedfoid»MA),andoefe 
fihefs were aOovml to grow after phcc^^ 
antibiodo al3(rC for 24 k 

AnalysiiorFGCS4solatcd clones from phi^libfanes.$i^ 
tion and western bloctiag was performnl accordhig to Hajrbmst and Harri^. 
A 10 id afiqiwt from a 1 ml fraction derived 6om 20 m] OD on^an at Ao^ 
wasekctrophorcsed on a 12% LacmmB gd using Ac Bio-Rad (Herciiles»CA) 
mini-proteao ceO. Samples were electiohloCted to Immobflon P (MiB^xnt) 
and probed with rabbit anti-^lactamase or antS-APH-U sen (5 prinie-3 
prime. Botddo; CO) followed by anti-rabbit hoisemSsh pcrandase (HR?) 
cottjng^ (Bio-Rad). ScFf protciiis wcie delected osing mouse aati-lft6 
i^ffUM, Sl tows, MO) followed by anti-moose HRP (Bk>-Rad). Detection 
~ I SupaSigiud West Pico U i emihiminf wmt sobspate 



100 id aKqoot of ph^ sopematant using nonfat dried milk as a bloddng 
agent and anti*his6/and>m0Dse HRP for detecting scFv and anti-MI3-HRP 
(Amersham Phannada) for detecting phagt. ELISA points icpieseni the 
avera^ of duplicate weSs. The entire fractionation and EUSA process was 
carried oat three times on separate occasiom and, wlnle die absoiote vahMS ' 
varied Uigbtlj^ the tiend was always a$ shown herein. 

Fenphsmic eip ie sJ on and purification of scFvx. We used 40 ml terrific 
broth cultures of doncs of interest to produce scFv for biophysical character- 
ization. Arabinose or he pfomoter-based veaors were induced with either 
0J% L-arabiaofe or ai inM IPTG, respecthiely. Expression was allowed to 
coRlinne Ibr 4 b at 25XXPkD^ was purified from osmotic shock fl^ 
iiniiMbilixBd tiieial affinity chrmnatograpliy ft)Dowe^ 
roatograpfay (Sopeidex-75, Phannada) to isolate mooomeric scFv. Protein 
concentratiOD was determined by Am using an cxtinaion coefficient of 
44350 or bicmchooinic add assay using BSA as a standard. 
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